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Abstract 
In order for CCS to be accepted by industry and the public, long-term and cost effective containment assurance is critical.  While 
seismic-based imaging methods have the ability to identify changes in large volumes of rock, the methods are expensive and 
there is a long delay between acquisition and processed results.  Surface Deformation Monitoring (SDM) has the potential to 
provide near real-time notification of subsurface CO2 leakage while the CO2 is located deep in the earth.  Some SDM techniques 
can image areas of 10,000 km2 or more monthly at a fraction of the cost of a seismic shoot.  While SDM techniques may not be 
appropriate for every sequestration project, they should be evaluated in the MMV design because of their large cost/benefit 
advantage. 
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1. Introduction 
To date most CCS projects have been in the pilot phase with relatively modest injection volumes.  Million-ton-
per-year injections have been limited to commercial projects like Statoil’s Sleipner and BP’s InSallah.  In reality, 
even the existing commercial projects may only be injecting a fraction of the volumes that will be generated from 
future mid-sized coal fired power plants.  Older existing plants are currently putting out 20,000 to 30,000 tons of 
CO2 per year.   
When considering the large storage volumes required and the length of time that these projects must be 
monitored, it becomes apparent that some of the MMV techniques used in early pilot phases for site characterization 
cannot be cost effectively scaled up to meet long-term MMV goals.  Many of these early pilot phase techniques are 
cost prohibitive to conduct on a weekly or monthly basis, and data processing and interpretation can take months.  
Near-wellbore techniques such as well logs and fluid sampling provide just that – near-wellbore or point results.  
They can be valuable in putting together a picture of the subsurface but leave the vast majority of the storage 
formation and overburden unmonitored.  Finding a cost effective, near real-time, volume imaging MMV technique 
will be critical to making CCS projects economically and politically viable.  Early detection of leaks is critical and 
will allow for the greatest variety of remediation options. 
Surface Deformation Monitoring (SDM) techniques offer near real-time results, and in some cases monitoring 
can be conducted remotely and at a very low cost per square kilometer. 
2. What is Surface Deformation Monitoring (SDM)? 
Surface Deformation Monitoring is the process of monitoring ground dilation and/or subsidence caused by the 
injection or extraction of fluids or gases.  Common measurement techniques include the use of Tiltmeters, 
Differential Global Positioning Systems (DGPS) and Interferometric Synthetic Aperture Radar (InSAR).  Ground 
motion is measured and then inverted to reservoir depth using a geomechanical model representing the target 
formation and overburden.  These techniques have been employed for many years to monitor oil & gas operations as 
described in Du et al. [1]. 
As represented in Figure 1 below, any changes in pressure or strain at reservoir depth will radiate from the source 
like rays from a flashlight to the surface of the earth where the deformation can be measured.  Any effective SDM 
system requires a large enough areal coverage to image the entire region of interest.  Once the surface deformation is 
properly characterized, the data is put through a geomechanical inversion to identify what reservoir level changes 
must have occurred to create the observed surface movement.  Deviations from the geomechanical model can be 
identified and, in many cases, out-of-zone fluid migrations can be located and volumes estimated.  One beneficial 
characteristic of SDM is that the shallower the strain change, the larger the surface signal.  This facilitates quick 
identification of fluid migration that doesn’t match the model. 
 
 
Figure 1.  SDM Illustration 
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As applied to Carbon Capture and Storage (CCS) projects, SDM can be used to monitor the extent of the CO2 
plume, fracture, cap rock integrity and out-of-zone fluid movement.  SDM techniques have been used for more than 
a decade to monitor oil & gas activities, waste injections, steam floods, and other injection or withdrawal activities. 
3. SDM Technologies (Tiltmeters, DGPS & InSAR) 
3.1 Tiltmeters 
 
A Tiltmeter is an instrument built around a highly sensitive electrolytic bubble level.  It is essentially a high tech 
carpenter’s level which can measure tilt movements down to one nanoradian.  Instead of just a simple glass vial, the 
Tiltmeter sensor adds a conductive fluid and three pickup electrodes (Figure 2) which allow the sensor to measure 
minute changes in resistance as the air/liquid interface moves in.  For reference, a nanoradian is a billionth of a 
radian or the equivalent of measuring a millimeter of change over 1,000 kilometers. 
 
 
Figure 2.  Electrolytic Tilt Sensor 
 
Earth tides caused by the pull of the sun and the moon on the earth’s crust are very large signals for these 
instruments.  Figure 3 below illustrates the tool sensitivity by showing earthquakes in San Salvador and India 
recorded on a Tiltmeter in Texas.   
 
 
Figure 3.  Tilt Instrument Sensitivity 
 
Tiltmeters are normally deployed in surface arrays where they pick up ground deformation caused by subsurface 
strain changes or they can be deployed in wellbores where they are used to map fracture height and other 
parameters.  In CCS projects, readings are commonly taken every few minutes from a surface array, collated daily 
by a data acquisition computer and then processed through a geomechanical inversion model to determine what 
reservoir level changes must have occurred in order to cause the observed surface deformation.  Deformation videos 
can be published daily or every few hours and posted for project managers to review.  One valuable attribute of tilt 
readings is that the shallower the strain change, the larger the resulting surface deformation.  This allows Tiltmeters 
to quickly identify out-of-zone fluid migration and cap rock integrity issues which are the main focus of MMV 
programs.
Gas Bubble 
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3.2 InSAR 
 
InSAR stands for Interferometric Synthetic Aperture Radar.  This is a satellite-based radar measurement 
technique which has the ability to image large swaths of the earth’s surface and provide, at a minimum, monthly 
updates on ground deformation.  Multiple InSAR satellites with different orbits and bandwidths are circling the 
earth and mapping regions of interest monthly.  One only has to ask that a satellite be tasked to a project area and 
purchase a data subscription to begin acquisition.  Images normally cover 2,500 to 10,000 sq km and may cover 
multiple CCS project areas.  Searches can be easily conducted for historical baseline data which may already exist in 
the industry’s extensive archives. 
 
InSAR works by taking readings at regular intervals and comparing changes from month to month.  Accuracy 
with just two scenes is in the cm range but mm level accuracy can be achieved by stacking many months of data to 
eliminate atmospheric errors.  Accuracy can be improved through DGPS integration as well as Tiltmeter data which 
can provide finer resolution over smaller areas. 
 
 
Figure 4.  InSAR – How it Works 
 
Differences from scene to scene are usually represented as colored bands with each band representing a fixed 
amount of ground movement.  Figure 5 shows an example of injection of steam into an oilfield which has caused 
significant uplift. 
 
InSAR works best in areas with consistent radar reflections.  Areas with heavy vegetation, earthwork or frost 
heave can be problematic.  In these types of areas, simple sheet metal corner reflectors can be installed which create 
a very large surface-to-noise ratio.  By properly placing and installing these reflectors, one can ensure that accurate 
reflections are generated from month to month.   
 
One deficiency of standard InSAR is that the measurement is along a slant range which is not able to resolve the 
horizontal and vertical components of the recorded motion.  Again there are methods available to mitigate this issue.  
Scenes can be captured on ascending and descending orbits, and newer satellites can provide some right-look/left-
look capability.  DGPS data can be integrated with the standard INSAR data sets to anchor the results and provide 
mm level accuracy at the GPS receiver locations. 
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Figure 5.  Photo Courtesy of MDA Geospatial 
 
3.3 Differential Global Positioning Systems (DGPS) 
 
DGPS is a monitoring technique which uses a minimum of two GPS receivers and sophisticated Kalman filtering 
to achieve mm level measurements of horizontal and vertical motion.  One receiver is usually located in an area that 
is expected to be relatively motionless and subsequent receivers are located in regions of interest where motion is 
expected.  By using the two stations, atmospheric variations can be identified and backed out, resulting in mm level 
accuracy.   
Like InSAR, DGPS readings can be influenced by vegetation but also interference caused by buildings, fences 
and any other objects which might reflect or delay the GPS signal.  Evaluating site conditions is critical for proper 
receiver placement and quality results. 
Due to their higher hardware cost, DGPS stations are normally used to supplement Tiltmeter arrays and InSAR 
acquisition areas.  They are critical for providing a long-term and stable ground truth reference. 
 
4. Will SDM Work for Most CCS Projects? 
As previously mentioned, SDM techniques have been used to monitor oil & gas fields for more than a decade. In 
some areas the data has been found so critical to field management that intra-day results are used to optimize 
steaming programs.  Figure 6 below shows the results of modeling for CO2 volumes at various depths and injection 
rates using a simple Okada (1985, 1992) dislocation model [2].  Cumulative dilation at the conclusion of a 5-year 
injection period is presented on the Y axis.  As can be seen, even with deeper injections and million-ton-per-year 
rates, ground movement is expected well within the measurement range of the least sensitive SDM technique.  This 
is a simple chart assuming a single injection well, but it illustrates that fact that rock will deform over time even with 
smaller injections. 
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Surface Dilation vs. Injection Rate (5 yr Picture)
(Approximately 15.5 MPa & 32 °C)
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Figure 6.  Surface Dilation vs. Injection Rate 
 
The critical success factors for whether SDM techniques will be adequate to image CO2 injections are injection 
rate/volume, injection depth and proper system design.  Modeling whether there will be enough motion for various 
techniques to resolve motion will be relatively straight forward.  Identifying the number and locations of InSAR 
point reflectors, Tiltmeters and DGPS stations required to provide the necessary resolution and accuracy for a given 
project will be more involved.  It will be critical for any proposed monitoring system to meet whatever regulatory 
requirements may apply to a particular project. 
 
Subsea projects such as Sleipner present additional challenges.  InSAR cannot image through water and GPS 
receivers cannot see their satellites.  Tiltmeters, however, may present a cost effective seabed monitoring method.  
Underwater Tiltmeters are available and commonly deployed to measure tilt of ocean based structures.  Seafloor 
deployable models exist but have not been deployed in large arrays to date.  Power could be provided through a 
cable or with a battery pack that is sized to last a specific number of years.  Communications can again be handled 
through cables or acoustic modems.  Deployment methods may include suction anchors, ROV auger or a simple 
drop penetration method.  This method, although unproven at this time, could prove to more cost effective than 4-D 
offshore seismic monitoring. 
5. Economic SDM Design 
In order to properly design an SDM monitoring system, it’s important to understand the intricacies of each 
monitoring technique.  A layered approach should be evaluated which will achieve a project’s monitoring goals 
while minimizing the overall expense.  InSAR works as an excellent gross surveillance tool but there are many 
options available.  Depending on the geographical coordinates of the project area, one or more scenes may need to 
be collected in order to achieve full coverage.  There are also many resolutions and wavelengths from which to 
choose which will affect the accuracy of the results.  It is important to discuss the project’s MMV goals with 
someone who has a full understanding of what is available and who can match the satellite acquisition program to 
the project requirements.  For instance, there may not be any use in acquiring more expensive 10-day, X-band data if 
the dilation process is expected to happen over a long period and could be imaged with conventional C-band 
information once a month. 
Tiltmeters provide much higher resolution information and real-time results but at a higher cost per square 
kilometer; therefore, they should be placed where they will bring the most value rather than in areas outside of the 
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immediate region of influence.  GPS stations can be twice the cost of a Tiltmeter installation and provide only mm 
level accuracy so they should be used sparingly. 
Figure 7 below provides a cost comparison for various technologies imaging a very small 1 sq mi area.  
Assumptions were made using actual costs from 2007/2008 CCS projects and estimates from various vendors.  
What can be seen is that with the limited pilot project type area, the SDM technologies are individually less 
expensive that seismic-based technologies and may offer a 2 to 6 times cost advantage if looking over a monitoring 
period of ten years.  If we expand the area that needs to be imaged to hundreds of square miles, the numbers will 
look vastly different.  New monitoring wells will have to be drilled from Crosswell and VSP surveys, and costs for 
large seismic shoots will escalate into the millions.  InSAR, on the other hand, will for the most part remain the 
same cost whether you want to look at 1 sq mi or 10,000.  It is really on the larger full-scale injections that the 
tremendous cost benefit of SDM technologies comes to light.  I estimate that on full-scale CCS projects, SDM 
monitoring costs may be as much as 20 times lower than gathering 4-D seismic data just once a year.  
 
 
 
Figure 7.  MMV Monitoring Costs 
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6. Conclusions 
In order for CCS to be widely accepted by the public, costs along the entire chain must be kept to a minimum.  
While the cost of capturing the CO2 is relatively fixed once a plant is built, there is a large degree of latitude as to 
which MMV program is deployed.  With MMV a requirement for decades or more, every effort should be made to 
design a system that will meet regulatory requirements while minimizing expense.  Surface Deformation Monitoring 
techniques such as InSAR, Tiltmeters and GPS can prove to be much more cost effective than seismic-based 
methods for many land-based sequestration sites.  Tiltmeters may offer a cost advantage over permanently installed 
seafloor seismic systems or repeat surveys, but a pilot project is definitely needed to prove up the technology for that 
environment.  InSAR, with its advances in resolution and availability, may prove to be the most economical MMV 
technology for long-term monitoring. 
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